Diabetes causes endothelial dysfunction and increases the risk of vascular cognitive impairment. However, it is unknown whether diabetes causes cognitive impairment due to reductions in cerebral blood flow or through independent effects on neuronal function and cognition. We addressed this using right unilateral common carotid artery occlusion to model vascular cognitive impairment and long-term high-fat diet to model type 2 diabetes in mice. Cognition was assessed using novel object recognition task, Morris water maze, and contextual and cued fear conditioning. Cerebral blood flow was assessed using arterial spin labeling magnetic resonance imaging. Vascular cognitive impairment mice showed cognitive deficit in the novel object recognition task, decreased cerebral blood flow in the right hemisphere, and increased glial activation in white matter and hippocampus. Mice fed a high-fat diet displayed deficits in the novel object recognition task, Morris water maze and fear conditioning tasks and neuronal loss, but no impairments in cerebral blood flow. Compared to vascular cognitive impairment mice fed a low fat diet, vascular cognitive impairment mice fed a high-fat diet exhibited reduced cued fear memory, increased deficit in the Morris water maze, neuronal loss, glial activation, and global decrease in cerebral blood flow. We conclude that high-fat diet and chronic hypoperfusion impair cognitive function by different mechanisms, although they share commons features, and that high-fat diet exacerbates vascular cognitive impairment pathology.
Introduction
Vascular cognitive impairment (VCI) is the second most common cause of dementia. Endothelial injury is thought to be responsible for initiating microvascular hypoperfusion and subsequent VCI. Endothelial dysfunction can be caused by a variety of vascular risk factors such as hypertension, smoking, and diabetes. In humans, diabetes increases VCI risk two-fold, an effect that has largely been attributed to diabetesinduced vascular dysfunction. 1, 2 There is also evidence of increased cognitive dysfunction in multiple cognitive domains of type 2 diabetic individuals. 3 Several potential factors that may contribute to these cognitive deficits include reduced endothelial function, greater incident of white matter damage, lower cerebral blood flow (CBF), increased brain atrophy, increased infarcts and reduced neuroprocessing. 1, 2, 4 The relative contribution of each of these pathologies and whether these pathologies are due to hyperglycemia or due to common comorbidities such as vascular disease is unknown.
Cognitive impairment and vascular dysfunction have also been reported in rodent models of diabetes. A common mouse of model of type 2 diabetes is longterm high-fat (HF) diet which causes insulin resistance and impaired glucose tolerance. 5 Mice administered an HF diet exhibit cognitive deficits in learning and memory tasks 6, 7 and decreased cerebrovascular endothelial function. 8 Despite evidence that diabetes causes endothelial dysfunction, it is unknown whether this endothelial dysfunction causes reductions in CBF that lead to cognitive impairment or if diabetes causes cognitive impairment regardless of changes in CBF. In order to address this issue, we used a chronic HF diet to model type 2 diabetes 5 and unilateral common carotid artery occlusion (UCCAO) to induce chronic cerebral hypoperfusion and model VCI. [9] [10] [11] [12] [13] We sought to determine if the effects of VCI and diabetes on cognitive function were similar and whether HF diet/diabetes would exacerbate specific cognitive impairments induced by chronic cerebral hypoperfusion in mice.
Materials and methods
This study was conducted in accordance with the National Institutes of Health guidelines for the care and use of animals in research, and protocols were approved by the Institutional Animal Care and Use Committee at Oregon Health and Science University, Portland, OR, USA. Reporting of the results conforms to the ARRIVE (Animal Research Reporting in In Vivo Experiments) guidelines.
Animals and experimental design
Male C57BL/6 J mice were purchased from Jackson laboratories (Bar Harbor, Maine). An overview of the experimental timeline is presented in Figure 1 . At 6 weeks of age, mice were placed on either a HF diet (60% fat; D12492, Research Diets, New Brunswick, NJ) or a low fat control diet (10% fat, D12450B, Research Diets) (n ¼ 30 per group). All mice received numerical tail tattoos to serve as identifiers. Mice remained on their respective diets until the end of the study. After 3 months on the diet, mice were subjected to a glucose tolerance test (GTT), allowed to recover for 2 weeks, then received UCCAO (n ¼ 15 mice per group) or sham surgery (n ¼ 15 mice per group). The survival rate 1 month following surgery was 100%. Two out of 30 mice on the HF diet were killed in the final month of the study due to severe skin dermatitis. After 6 months on the diet, mice received a second GTT, were allowed to recover for 2 weeks, and then underwent behavior testing. Upon completion of behavior testing, mice were either euthanized or underwent magnetic resonance imaging (MRI) (n ¼ 7 per group, randomly selected). Following MRI, mice were perfused with paraformaldehyde and brains collected for histological analysis. Mice were group-housed until behavior testing was performed, at which point they were singly housed until the end of the study. Behavior testing and MRI were completed by experimenters blinded to whether mice were in the sham or VCI treatment group. Due to differences in food color and mouse appearance, diabetic status could not be blinded during behavior testing or MRI. All data analysis was done by experimenters blinded to both diabetic status and surgery. Samples sizes needed were calculated based on previous experience with methods used.
GTT At 3 and 6 months post-dietary intervention, mice were fasted overnight and baseline blood glucose levels in saphenous vein blood were measured by glucometer (Breeze 2, Bayer, Tarrytown, NY). Each mouse received 2 g/kg of glucose via oral gavage and blood glucose levels were re-measured at 10, 20, 30, 60, 90, and 120 min. Three months later, mice were subjected a glucose tolerance tests (GTT), allowed to recover, then subjected to right UCCAO (VCI) or sham surgery (n ¼ 15 per group). Three months later GTTs were repeated. Next, behavioral performance was assessed using the open field test, novel object recognition test, Morris water maze, and cued and contextual fear conditioning tests (n ¼ 13-15 per group). Finally, mice received magnetic resonance imaging (n ¼ 7 per group, randomly selected), were perfused and brains collected for histological analysis (n ¼ 7 per group).
UCCAO
Right UCCAO or sham surgery was performed 3 months after dietary intervention using aseptic techniques. Mice were randomly assigned to surgical group. Mice were anesthetized with 2% isoflurane and kept warm with water pads. After midline cervical incision, the right common carotid artery was isolated and two 6-0 silk sutures were placed under the carotid. For VCI mice, the two ties were tightly tied and the carotid was cauterized between the two ties and cut. For sham mice, the ties were removed from under the carotid arteries without being tied and vessels were not cauterized. For all mice, incisions were closed and mice were allowed to recover. Mice returned to their group housed caging after recovering from anesthesia. The survival rate was 100%.
Behavioral and cognitive testing
Three months after VCI or sham surgery mice were tested for exploratory activity and anxiety in the open field (day 1), habituated to the open field on days 2 and 3, tested for novel object recognition task (NORT) on days 4 and 5, spatial learning and memory in the Morris water maze (MWM) on days 8-12, and contextual and cued fear conditioning on days 15 and 16. Behavior testing was performed as described previously 13 and detailed below.
Open field. Mice were placed into a square arena (40.64 Â 40.64 cm) and allowed to explore for 10 min. Behavioral performance was tracked and scored using an automated video system (Ethovision 7.0 XT, Noldus, Sterling, VA). Exploratory behavior was analyzed using total distance moved (cm) as outcome measure. Time spent in the more anxiety-provoking center of the open field was analyzed as well.
Novel object recognition. Mice were habituated to the open field described above over 3 days, one 10-min trial per day. On day 4, the mice were exposed to the arena containing two identical objects. On day 5, one of the two identical objects (henceforth ''familiar'') was replaced by a novel object. Performance of the mice was video recorded. Orientation to the object, within 2 cm proximity, as well as interaction with the object (climbing, sniffing, and pushing) was defined as exploring the object. Novel object recognition and discrimination was calculated as the percent time spent exploring the novel object out of the total time spent exploring both objects. Distance moved was analyzed using automated multiple body point video tracking (Ethovision XT 7.0, Noldus Information Technology, Wageningen, the Netherlands), using parameters previously described and validated. 14 Water maze. Hippocampus-dependent spatial learning and memory was assessed using a version of the MWM. The maze consisted of a circular pool (diameter 140 cm), filled with opaque water (24 C), divided conceptually into four quadrants. Mice were first trained to locate an ''escape'' platform (plexiglass circle, 6 cm radius) submerged 2 cm below the surface of the water and made visible by the use of a cue (a colored cylinder, 2.5 cm radius, 8 cm height) during the ''visible'' trials (days 1 and 2). For the visible platform training days, there were two daily sessions, morning and afternoon, which were separated by an intersession interval of 3 h. Each session consisted of two trials, with 5-min intertrial intervals. Mice were placed into the water facing the edge of the pool in one of nine randomized locations (consistent for each mouse). A trial ended when the mouse located the platform. Mice that failed to locate the platform within 60 s were led to the platform by placing a finger in front of their swim path. Mice were taken out of the pool after they remained on the platform for a minimum of 10 s. During the visible platform sessions, the location of the platform was moved between each of the four quadrants to avoid procedural biases in task learning. Subsequent to the visual trials, mice were trained to locate a hidden platform, requiring the mice to rely on extra maze cues for spatial reference and orientation. Extra-maze cues consisted of four large (50 Â 50 cm) cues of different shapes and color combinations, positioned at the borders of the four quadrants. Cues were placed 100 cm from the ground, and 90 cm away from the edge of the pool. The platform was not rotated during the hidden platform trials and remained in the same location. Twenty four hours after the last trial of hidden platform training, spatial memory retention of the mice was assessed in a ''probe'' trial (no platform). During the probe trials, mice were placed into the water in the quadrant opposite of the target quadrant. The time spent in the target quadrant compared to the time spent in the three nontarget quadrants was analyzed. The swimming patterns of the mice were recorded with Noldus Ethovision video tracking software (Ethovision XT, Noldus Information Technology, Wageningen, the Netherlands) set at six samples/s. The time to locate the platform (latency) was used as a measure of performance for the visible and hidden platform sessions. Latency to reach the target was measured in seconds, and was calculated for each session by averaging values from the two within-session trials. Because swim speeds can influence the time it takes to reach the platform, they were also analyzed.
Fear conditioning. In this task, mice learn to associate a conditioned stimulus (CS, e.g. the environmental context, or a discrete cue) with a mild foot shock (unconditioned stimulus, US). CS-US pairings are preceded by a short habituation period, during which a baseline measure of locomotor activity is analyzed. Freezing, defined as immobility with the exception of respiration, is considered a post-exposure fear response, and is a widely used indicator of conditioned fear. 15 Mice were trained and tested using a Med Associates mouse fear conditioning system containing VideoFreeze automated scoring system (Med Associates, St. Albans, Vermont), as described previously in detail and validated against traditional hand scoring methods (Anagnostaras et al., 2010). On day 1, the mice were placed inside a dark fear-conditioning chamber. Chamber lights (at 100 lux) turned on at 0 s, followed by a 90-s habituation period and a subsequent 30-s (2800 Hz, 80 dB) tone (cue). A 2-s 0.7 mA foot shock was administered at 28 s, co-terminating with the tone at 30 s. After a 30-s inter-stimulus interval the toneshock pairing were repeated for a total of five toneshock pairings. On day 2, hippocampus dependent associative learning was assessed during reexposure to the training environment for 300 s. Three hours later, mice were exposed to a modified environment (scented with vanilla extract, cleaned with 10% isopropanol instead of 0.5% glacial acetic acid, novel floor texture covering the shock-grid, and rounded walls). They were allowed to habituate for 90 s, and then exposed to the cue for a second period of 180 s. Associative learning was measured as the percent time spent freezing in response to the contextual environment or the tone. Immediate acquisition of conditioned fear was measured following CS-US pairings. Motion during shock (proprietary index, Med Associates) was measured to assess potential differences in response to the shock during training.
MRI
Imaging was conducted following behavioral and cognitive testing, 3.5 months after VCI or sham surgery. Power analysis revealed that only seven mice were needed per group for MRI/histology measures, in contrast to the 12 mice per group needed for behavioral studies. The difference is mostly attributed to inherent variability in behavioral endpoints, compared to CBF and histology. Because of the difference in variability and cost associated with MRI, we have limited the number of mice that went on to this portion of the study to seven mice per group. Mice were randomly assigned to receive MRI based on tail tattoo number. Tail tattoo numbers were assigned prior to any dietary or surgical intervention. All mice that received MRI also were processed for histology. For MRI studies, mice were anesthetized with a ketamine/xylazine mixture (1.5 mg xylazine/10 mg ketamine/100 g). MR imaging employed a Bruker-Biospin 11.75 T small animal MR system with a Paravision 5.1 software platform, 9-cm inner diameter gradient set (750 mT/m), with a 72 mm (ID) RF resonator and an actively decoupled 20 mm Bruker surface coil for transmit/ receive. The mice were positioned with their heads immobilized on a custom platform/head holder. Body temperature of the mice was monitored and maintained at 37 C using a warm air temperature control system (SA instruments). Isoflurane (0.5-2%) in 100% oxygen was administered and adjusted while monitoring respiration. A coronal 25-slice T 2 -weighted image set was obtained (Paravision spin echo RARE, 256 Â 256 matrix, 125 mm in-plane resolution, 0.5 mm slice width, TR 4000 ms, TE effective 46.8 ms, RARE factor 8, 2 averages). A coronal 20 slice T 2 -weighted image set was then obtained, employing 8 echoes with 15 ms spacing, (Paravision spin echo RARE, 256 Â 256 matrix, 125 mm in-plane resolution, 0.5 mm slice width, TR 3500 ms). T 2 maps were generated by performing a pixel by pixel fit of the decaying image intensity to the function (SI(t) ¼ SI0 e Àt/T2 ). CBF was measured using arterial spin labeling (ASL), employing the flow-sensitive alternating inversion recovery rapid acquisition with relaxation enhancement pulse sequence (Paravision FAIR-RARE), with TE/TR ¼ 45.2/10000 ms, FOV ¼ 3.5 cm, slice thickness ¼ 2 mm, number of slices ¼ 1, matrix ¼ 128 Â 128, RARE factor ¼ 72, and 23 turbo inversion recovery values ranging from 40 to 4400 ms. This sequence labels the inflowing blood by global inversion of the equilibrium magnetization. 16 The T 2 images were employed to accurately place the coronal ASL flow slice at the same position in each mouse, posterior to the lateral ventricles, and 2 mm anterior to the anterior commissure.
Image processing
The Jim image analysis software (Xinapse Systems) was employed for image processing. CBF maps (in units of ml/100-min) were generated using the Bruker ASL perfusion processing macro which employs the equation: where is the blood brain partition coefficient (¼0.9), T 1blood is the T 1 of blood (¼2800 ms) and T 1sel and T 1nonsel are the measured T 1 values under selective and nonselective inversion conditions, respectively. CBF maps were exported into Jim imaging software for further processing. The multiplanar reconstruction tool in Jim was used to accurately align the T 2 maps and T 2 image sets to the coronal plane of view. A T 2 threshold of 40 ms guided the manual drawing of regions of interest (ROIs) around ventricles on the T 2 maps. Ventricular volume quantification included the lateral ventricles, and the third and fourth ventricles, to a point 1.5 mm posterior to the anterior commissure. Hippocampal volume between the anterior commissure and a point 1.5 mm anterior to it was calculated using ROIs created on three contiguous T 2 image slices. Various ROIs were created on the ASL CBF maps to assess CBF in those regions. Mean hemispheric CBF values were determined with ROIs encompassing the entire hemisphere, with an erosion of 1 pixel from the brain circumference to exclude brain surface vasculature. Using the Allen Institute Mouse Brain atlas 17 as a guide, regional ROIs of the cortex, striatum, corpus callosum, and a medial portion of the hippocampus, were created in T 2 maps at a position 2 mm anterior of the anterior commissure and transferred to the corresponding location in CBF maps. Hippocampal ROIs were drawn to minimize partial volume effects from ventricular regions contained within the 2-mm ASL imaging slice.
Histology
Mice were euthanized after having undergone behavior testing and MRI. The animals were perfused with 0.9% saline followed by 4% paraformaldehyde. After removal from the skull, the brains were fixed for 24 h in 4% paraformaldehyde then dehydrated and cleared (using Prosoft and Propar, Anatech Ltd, Battle Creek, MI) for paraffin embedding. Serial six micron thick sections were cut through the entire extent of the hippocampus and amygdala. For immunohistochemistry, deparaffinized sections were heated in 10 mM citrate buffer at pH 6.0 in a steamer for 30 min for antigen retrieval. All rinses were with Tris-buffered saline (TBS), pH 7.6. Sections were incubated with 4% normal donkey serum in phosphate-buffered saline with 1% bovine serum albumin and 0.3% Triton (blocking serum) for 60 min at room temperature to block nonspecific binding of the secondary antibodies. For the GFAP stains, sections were blocked using the Vector Mouse-on-Mouse kit (BMK-2202, Vector Laboratories, Burlingame, CA). Sections were incubated with the primary antibodies (mouse anti-GFAP 1:500, #MAB360 EMD Millipore, Billerica, MA; rabbit polyclonal anti-Iba-1 1:1000, #019-19741 Wako Chemicals, Richmond, VA; rabbit anti-NeuN 1:500, #ABN78 EMD Millipore) diluted in the blocking serum, overnight at 4 C. The fluorescent-labeled secondary antibodies (Alexa Fluor 594 conjugated donkey anti-mouse 1:250, # A21203 Life Technologies, Eugene, OR; Alexa Fluor conjugated donkey anti-rabbit 1:500, #A21206 Life Technologies; rhodamine conjugated donkey anti-rabbit 1:300, #711-295-152 Jackson ImmunoResearch, West Grove, PA) diluted in the blocking serum), were applied to the tissue for 150 min at room temperature. The sections were counterstained with Hoechst 33342 (Molecular Probes, 1:3000, Eugene, OR), coverslipped with Fluoromount-G (Southern Biotech, Birmingham, AL), and imaged with a fluorescence microscope. All analysis was conducted by experimenters blinded to the both surgical group and to dietary intervention group using Image J software. For quantification of NeuN, a ROI of uniform size was placed over a high magnification (400Â) image of the dentate gyrus and cells were counted manually. For quantification density of Iba-1 and GFAP staining, a threshold was set in Image J so that only immunoreactive cells were highlighted and area covered within an ROI of a standard size was calculated for each brain region.
Statistical analysis
Data are expressed as mean AE SEM. All data were tested for sphericity (Mauchly's test) and Greenhouse-Geisser corrections were made for tests of within-subjects effects when necessary. Groups were compared by two-way ANOVA with Holm-Sidak's post hoc test using Prism (GraphPad Software, La Jolla, CA). Differences were considered significant at p < 0.05. We expected a priori hemisphere differences as only the right carotid was occluded causing a unilateral injury; therefore data for the two hemispheres were analyzed separately. Novel object preference was first analyzed using two-way ANOVA comparing the novel and familiar object and genotype, followed by t-tests to compare against a hypothetical value (no preference, 50%). Water maze learning curves and fear conditioning were analyzed using repeated measures two-way ANOVA.
Results

Mice on a long-term HF diet develop a diabetic phenotype
A long-term HF (60% fat) diet was used to model type 2 diabetes in mice. 5 Prior to dietary intervention, there were no differences in body weight (Figure 2(a) ) or fasting blood glucose levels between groups. Mice were placed on HF or low fat (LF; 10% fat) diet of equal caloric content. HF diet caused a significant increase in body weight after only 6 weeks on the diet (Figure 2(b) ). After 3 months on the diet, a GTT was performed. Mice on the HF diet showed a greater increase in blood glucose levels following oral gavage of glucose and a slower rate of clearance of the glucose from their blood (Figure 2(c) ). After 6 months on the diet, HF mice displayed elevated fasting blood glucose levels, increased blood glucose levels following glucose challenge, and impaired glucose clearance (Figure 2(d) ) compared to LF mice, regardless of UCCAO or sham surgery.
UCCAO and HF diet cause cognitive impairments; HF diet exacerbates specific impairments following UCCAO Three months after right UCCAO or sham surgery, mice underwent behavioral and cognitive testing. Neither HF diet nor VCI surgery caused alternations in activity or the amount of time spent in the center of the field (data not shown). Non-spatial memory was assessed using the NORT. Sham mice showed a clear preference for the novel object but VCI mice did not show a preference, suggesting impairment in recognition memory (Figure 3(a) ). Mice on an HF diet, both in the sham and UCCAO groups, also failed to show a preference for the novel object, suggesting a non-spatial memory deficit (Figure 3(a) ). Next, spatial learning and memory was assessed in the MWM. During the training phase, both when the platform was visible and when it was hidden, mice on an HF diet, regardless of UCCAO or sham surgery, performed more poorly, indicating impairments in task learning as well (Figure 3(b) ). Both HF VCI and HF sham mice performed poorer during the probe trial, with fewer crossings over the target, suggesting deficits in spatial memory retention (Figure 3(c) ). Finally, mice were subjected to both cued and contextual fear conditioning tasks. No differences were detected between groups in the contextual fear conditioning task. However, both HF Sham mice and HF VCI mice showed impairments in cued fear memory compared to LF Sham mice (Figure 3(d) ).
LF VCI mice show a unilateral decrease in CBF, while HF VCI mice also display a global decrease in CBF that is exacerbated in the ischemic hemisphere
We determined the effect of HF, UCCAO, or a combination of both insults on CBF. After 6.5 months on their respective diets, there were no differences in CBF between HF and LF diet mice that received a sham surgery (Figure 4 (a) to (c)). LF VCI mice showed a decrease in CBF in the right (ischemic) hemisphere compared to the left hemisphere that was not present in sham mice (Figure 4 (a) and (b)), but showed no differences in total CBF (Figure 4(c) ). VCI mice fed an HF diet showed both a decrease in CBF in the right hemisphere compared the left and also a global decrease in CBF that was not present in LF VCI mice (Figure 4(a) to (c)). There were no differences in CBF in the left (non-ischemic) hemisphere (data not shown). When CBF was analyzed specifically in the hippocampus, a region involved in spatial learning and memory, HF diet again showed no effect on CBF, with VCI surgery causing a deficit (Figure 4(d) and (e)). There were no differences in hippocampal CBF in the left (nonischemic) hemisphere (data not shown).
VCI mice have an increase in white matter reactive changes, which is exacerbated by HF diet
White matter damage is commonly observed in VCI patients. 18 In rodents, one of the most prominent white matter tracks is the corpus callosum (CC). HF diet alone did not alter Iba-1 or GFAP immunoreactivity in the CC (Figure 5 (a) to (c)). However, VCI surgery increased expression of both of these markers in the ischemic hemisphere ( Figure 5(a) and (c)). HF VCI mice showed the greatest increase in both Iba-1 and GFAP in the ischemic hemisphere ( Figure 5(b), (d) and (e)). Despite increases in Iba-1 and GFAP expression in the CC, we did not detect any gross abnormalities in myelination, as measured by eriochrome staining (data not shown).
VCI mice display reactive changes and neuronal loss, some of which are exacerbated by HF diet
The hippocampus is a key brain region for spatial learning and memory. Loss of neurons or atrophy of this area is associated with dementia. 19 We found that neither HF diet nor VCI surgery caused changes in hippocampal size on MRI T2 images (data not shown). We also examined expression of Iba-1 and GFAP in the CA1 region of the hippocampus. HF diet alone had no effect on expression of Iba-1 or GFAP ( Figure 6 ). VCI mice had increased Iba-1 and a trend towards increased GFAP (p ¼ 0.06) in the CA1 region of the hippocampus in the right hemisphere compared to the left (Figure 6(a) and (c)). HF VCI mice showed the largest increase in Iba-1 expression in the CA1 in the right hemisphere (Figure 6(b) and (e)). Finally, we examined the density of neurons in the dentate, CA1, and CA3 regions of the hippocampus by counting the number of NeuN immunoreactive cells, a marker for mature neurons. No differences in neuronal density were observed between groups in the CA1 or CA3 regions (data not shown). In the dentate, HF diet caused a decrease in the number of NeuNþ cells (Figure 7(a) ). In HF VCI mice, this decrease was larger in the right hemisphere compared to the left (Figure 7(b) and (c) ).
Discussion
The goal of the current study was to determine if diet-induced diabetes causes cognitive impairment by eliciting chronic cerebral hypoperfusion, or if it has flow-independent effects on neuronal function and cognition. Our data suggest that chronic hypoperfusion due to UCCAO leads to cognitive impairment due to reductions in CBF and increased reactive changes in the both white matter and in the hippocampus. Similarly, diet-induced diabetes is also capable of causing cognitive impairments. However, the mechanism is not due to hypoperfusion, since CBF was not reduced by HF alone, although it does lead to neuronal loss in the hippocampus. In the presence of an HF diet, specific cognitive impairments and hypoperfusion are exacerbated compared to UCCAO alone. We characterized changes in CBF via ASL MRI, 3.5 months following VCI or sham surgery. UCCAO is known to cause large decreases in CBF in the ischemic hemisphere acutely; 9, 20 however, there has been conflicting evidence in the literature over whether UCCAO leads to permanent reductions in CBF, based on methodologies that assess cortical CBF in a small area of the brain. 9, 20 Recently, we reported that CBF, measured via MRI, is impaired in the ischemic hemisphere 4 months after UCCAO surgery, but that total brain perfusion was unaltered. In the current study, LF VCI mice also showed a similar decrease in CBF in the right hemisphere with no change in total CBF. Others have shown that the lack of deficit in total brain perfusion may be due to capillary remodeling, pial arterial dilation, and collateralization. 20 However, in the current study we observed that mice on HF diet that received VCI surgery had both the expected decrease in CBF in the right hemisphere and a decrease in CBF in the whole brain. While blood pressure has been shown to be normal in mice on an HF diet (up to 16 months duration), 21 cerebrovascular dysfunction has been reported in several mouse models of diabetes including the HF diet model. 8, 22 However, in the current study we did not find an effect of HF diet alone on CBF. It is possible that if the mice had been administered the HF diets longer than 6.5 months they may have eventually developed reductions in CBF. Although we did not detect changes in CBF in the HF diet mice, there is still a possibility that HF diet could elicit flow-independent microvascular changes such as changes in vascular reactivity, oxidative stress, capillary nutrient exchange, blood brain barrier function, or leukocyte/endothelial cell interactions. For example, HF diet in mice has been reported to impair endothelial mediated vasodilation in cerebral arteries, 8 increase markers for superoxide and peroxynitrite production, 8, 23 alterations in blood brain barrier function, 23 and increase immune cell recruitment. 24 Many of these negative vascular changes, which have been shown to increase with age in the HF diet model, 23 would not have been detected in the current study but could have contributed to cognitive impairment observed. However, the lack of change in CBF in our diabetic mouse model is in agreement with previous work showing that diabetes does not alter blood flow in cerebral microvessels during normal conditions, but does cause alternations after a vascular insult. 25 Similarly, in our study with a combination of the HF diet and VCI surgery CBF was decreased. Therefore, it is possible that the diabetic mice were unable to fully compensate for the decrease in CBF in the right hemisphere following UCCAO due to reported decreases in cerebrovascular reactivity that occur in diabetes. 8, 22 Our current study shows that UCCAO causes impairments in nonspatial memory. Specifically, we detected deficits in the NORT. In agreement with our previous study, 13 we did not observe a deficit in spatial memory performance in the MWM or in cued or contextual fear conditioning tests with VCI surgery alone. These findings are supported by several other studies that failed to find statistically significant differences in spatial memory in the MWM after UCCAO in mice. 10, 12 As previously observed, 13 UCCAO surgery alone did not cause alternations in activity or anxiety-related behavior between groups. We found that UCCAO causes an increase in reactive changes in both white and grey matter. Specifically, we found increased GFAPþ reactive astrocytes and Iba-1þ activated microglia in the right (ischemic) hemisphere of VCI mice in both the CC and the CA1 region of the hippocampus. These findings are in agreement with previous studies, which have shown that these markers are increased following UCCAO in mice. 9, 11 Further, these reactive markers have also been shown to be increased in other mouse models of VCI including the bilateral stenosis 26, 27 and asymmetric carotid stenosis. 28 Long-term HF diet also caused cognitive impairments. Specifically, we detected impairments in nonspatial memory in the NORT, spatial memory in the MWM, and associative learning in the cued fear conditioning task. Others have also reported cognitive deficits following long-term HF diet 6, 7 and in other rodent models of diabetes. 29 Cognitive deficits have also been reported in diabetic individuals. 3 Type 2 diabetes is associated with a variety of pathologies that might contribute to the cognitive impairment including reduced endothelial function, greater incident of white matter damage, lower CBF, increased brain atrophy, increased infarcts, and neural slowing compared to healthy controls. 1, 2 Our results show that HF diet/diabetes also causes a reduction in neuronal density in the dentate gyrus of the hippocampus, a key area for adult neurogenesis. Reduced neurogenesis in this region could play a role in the cognitive dysfunction observed. In fact, reduced hippocampal neurogenesis has been reported in several rodent models of diabetes. 30, 31 Our results show that HF diet causes cognitive deficits and exacerbates pathology following chronic cerebral hypoperfusion. HF VCI mice showed specific deficits in spatial and associative memory in the MWM and cued fear conditioning tasks, respectively, that LF VCI mice did not. Further, HF VCI mice showed a decrease in total brain CBF that was not present in LF VCI mice. This effect is likely due to the negative effects of diabetes on cerebrovascular function. 8, 22 In addition, reduced neuronal density in the dentate gyrus was observed in HF VCI mice but not in LF VCI mice. Glial activation was also enhanced in the white and grey matter of HF VCI mice, and thus could have contributed to the cognitive deficits observed in these mice. Taken together, these data support the conclusion that diabetes induced by HF diet increases specific cognitive deficits and VCI-like pathology in mice following chronic hypoperfusion. Our results are supported by a very recent study in rats showing that diabetes increased specific cognitive deficits and neuronal loss following bilateral common carotid artery occlusion. 32 Thus, diabetes appears to worsen specific cognitive deficits and underlying pathology following chronic hypoperfusion in multiple surgical models and species.
One limitation of the HF diet model of diabetes used in the current study is that experimenters could not be blinded to dietary status during surgery, behavior testing, and MRI due to the difference in food color, body weight, and general appearance of mice. Two measures were taken to minimize potential bias to address this limitation. First, all mice were assigned tail tattoo numbers prior to dietary intervention and these numbers were used for subsequent assignment to surgical treatment groups and MRI groups. Second, data analysis was conducted by experimenters blinded to both dietary status and surgical group.
In summary, we found that VCI and HF diet independently caused cognitive impairments, but the mechanisms are likely different. Specifically, both insults caused impaired memory. However, only UCCAO, but not HF diet, reduced CBF, and increased reactive changes in the white matter and hippocampus. Further, only HF diet, but not UCCAO, reduced neuronal density in the hippocampus. We conclude that insults caused by HF diet and chronic hypoperfusion are mechanistically different processes, although they share common features that target vulnerable brain regions, such as the hippocampus. Our results suggest that improving cerebral perfusion may prevent cognitive impairments, but that preventative measures will be much more successful if dietary modifications and/or diabetes management are addressed as well. 
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